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In mice, genetically engineered knockout of the Dapper Antagonist of Catenin-1 (Dactl) locus, which encodes a 
scaffold protein involved in Wnt signaling, leads to decreased excitatory input formation on dendrites of developing 
forebrain neurons. We have previously demonstrated this in both (excitatory, glutamatergic) pyramidal neurons of the 
hippocampus and in (inhibitory GABAergic) interneurons of the cortex. We have also demonstrated that knockout of 
the Docf / locus leads to decreased dendrite complexity in cultured hippocampal pyramidal neurons, and to decreased 
spine formation on dendrites of forebrain pyramidal neurons in vitro and in vivo. Synapse phenotypes resulting from 
Dactl loss in cultured cortical interneurons can be rescued by recombinant overexpression of the Dactl binding part- 
ner, Dishevelled-1 (Dvll), but not by recombinant expression of a constitutively active form of the small GTPase Racl. 
This contrasts with dendrite spine phenotypes resulting from Dactl loss in cultured hippocampal pyramidal neurons, 
which can be fully rescued by recombinant expression of activated Racl. Taken together, these data suggest that 
in maturing forebrain neurons there are molecularly separate requirements for Dactl in dendrite arborization/spine 
formation vs. synaptogenesis. Here, we show that the developmental requirement for Dactl during dendrite arboriza- 
tion, which we previously demonstrated only in hippocampal pyramidal neurons, is also present in cortical interneu- 
rons, and we discuss mechanistic implications of this finding. 



Neurons are among the most polarized and morphologically 
complex cells in metazoans. One manifestation of polariza- 
tion in neurons is their spatially discrete presynaptic sites that 
release neurotransmitters and other factors from an axon termi- 
nus, often located at great distances from the neuronal soma. 
One manifestation of morphological complexity in neurons 
is the highly ramified extensions of their soma, the dendrite 
arbor, upon which they receive manifold postsynaptic inputs 
from apposed presynaptic release sites of other neurons. The 
dendrite arbor greatly expands the surface area of each neu- 
ron and thereby increases the number of inputs it can receive. 
At the same time the shape and distribution of the dendrite 
arbor determines the number, type, and ratio of inputs received 
from other neurons, including from those located nearby and 
from those located far away and communicating via projecting 
axons. Regions of the brain with distinct emotional, cognitive, 
and behavioral functions have correspondingly distinct neu- 
ral architecture; this includes composition by distinct neuron 
classes and subclasses, many of which can be distinguished by 



dendrite arborization and connectivity patterns, as well as by 
expression of cell type-specific molecular markers. 

In the mammalian cortex, excitatory neurons that synthe- 
size and release the neurotransmitter glutamate generally have 
axons that project beyond their own cortical layer or brain 
area, and in most cortical regions and layers, they have a char- 
acteristic pyramid-shaped dendrite arbor. These are therefore 
referred to somewhat interchangeably as "excitatory," "gluta- 
matergic," "projection," or "pyramidal" neurons. In contrast, 
cortical inhibitory neurons that synthesize and release the neu- 
rotransmitter GABA generally have axons that project locally or 
within only a few cortical layers. They commonly communicate 
within a spatially restricted region and so are referred to generi- 
cally as "interneurons." Unlike the typically pyramid-shaped 
projection neurons in most regions of the cortex, interneurons 
in different cortical regions and layers have diverse dendrite 
arbor morphologies depending on their local circuit functions. 
Another morphological difference between pyramidal neurons 
and interneurons is that whereas nearly all pyramidal neurons 
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Figure 1. Dactl null cortical interneurons have reduced dendrite com- 
plexity. (A) Representative neurons from primary cortical cultures pre- 
pared from neonatal Dact1~ / ~;Lhx6GFP (right) and littermate control (left) 
brains, fixed at 5, 10, and 15 DIV. (B) Sholl analysis performed at the indi- 
cated DIV. Scale bars = 100 jjm. 



have protrusions called "spines" on their dendrites corresponding 
to excitatory inputs from other neurons, cortical interneurons have 
mostly smooth (aspiny) dendrites, even at sites where they receive 
such excitatory input. 1 

Healthy mental activity and behavior requires that the mor- 
phology of these different cortical neuron types, including their 
dendrite arborization pattern and synaptic complement, is assem- 
bled properly during development and continues to be regulated 



throughout life while allowing for appropriate plastic changes. 2 
In mammals, the mechanisms that govern dendrite arboriza- 
tion, spine formation, and synaptogenesis have been studied 
predominantly in pyramidal neurons; relatively less scientific 
attention has focused on these same neurodevelopmental events 
in interneurons. 3 " 5 

Wnt signaling is a major form of intercellular commu- 
nication that regulates diverse neurodevelopmental events: 
from brain regionalization, neural proliferation and cell fate 
determination, to neuronal migration, dendritogenesis, syn- 
aptogenesis, and plasiticity. 6,7 For conceptual purposes, Wnt 
signaling can be divided into 2 major biochemical branches: 
"canonical" Wnt/|3-catenin signaling and "non-canonical" 
(3-catenin-independent Wnt signaling. 8,5 While Wnt/ (3-catenin 
signaling characteristically involves the nuclear translocation of 
[3-catenin and subsequent transcriptional regulation of target 
genes, diverse (3-catenin-independent Wnt signaling pathways 
have been described in different biological contexts. These 
include the planar cell polarity (PCP) pathway and the Wnt/ 
Ca 2t pathway, both of which can regulate Rho GTPases as one 
of their downstream effectors to affect cell polarity, shape, and 
movement. 10 " 12 

The Dapper Antagonist of Catenin-1 (Dactl; aka "Dapper," 
"Frodo") scaffold protein functions in both Wnt/ (3-catenin and 
(3-catenin-independent Wnt signaling. 13 " 17 The Dactl gene is 
expressed in the embryonic forebrain of the mouse, including 
in the separate progenitor zones of cortical excitatory neurons 
and inhibitory interneurons. 18 " 21 We have previously shown that 
Dactl is required during forebrain pyramidal neuron develop- 
ment for the elaboration of fully complex dendrite arbors as well 
as for spine and excitatory synapse formation. We have further 
shown that dendrite spine phenotypes resulting from Dactl loss 
in cultured hippocampal pyramidal neurons can be rescued by 
a constitutively active form of the Rho GTPase family member 
Racl (RacCA), and that this phenotype correlates with levels 
of activated Rac, but not activated (3-catenin, in the develop- 
ing murine hippocampus. These data support an endogenous 
role for Dactl in a |3-catenin-independent biochemical pathway 
during neuronal maturation events such as dendrite spine for- 
mation in forebrain pyramidal neurons. 22 Separately, we have 
shown that deletion of Dactl in cortical interneuron precursors 
leads to a reduction in synapse numbers along their dendrites. 
Unlike the dendrite spine phenotype in Dactl mutant pyrami- 
dal neurons, the synapse phenotype in Dactl mutant interneu- 
rons is not rescued by RacCA, but can be rescued instead by 
recombinant overexpression of Dishevelled-1 (Dvll), a direct 
binding partner of the Dactl protein. 20 This suggests that these 
2 phenotypes — in dendrite spine formation and in synapse 
formation — may result from different molecular requirements 
for Dactl during neuronal maturation in the forebrain. Here 
we show that, as in cultured hippocampal pyramidal neurons, 
Dactl is required for elaboration of fully complex dendrite arbors 
in cultured forebrain cortical interneurons. Our data support a 
conserved role across neuron subtypes for this scaffold protein in 
(3-catenin-independent signaling contributing to multiple neu- 
ronal maturation events in the postnatal mammalian forebrain. 
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Dendrites of Dactl mutant cortical interneurons are less 
complex 

We and others have previously reported that Dactl is 
expressed in the embryonic ganglionic eminences (GE) in pre- 
migratory interneuron precursors and in the migratory imma- 
ture cortical interneurons derived from them. 18 " 21 Nonetheless, 
Dactl loss during embryonic stages has no substantial effects 
on interneuron migration during development or on inter- 
neuron distribution in the postnatal cortex. Instead, there is 
a cell-autonomous requirement for Dactl in the production of 
postsynaptic contacts, including both excitatory and inhibitory 
postsynaptic contacts, in forebrain cortical interneuron den- 
drites. 20 There is a similar requirement for Dactl during syn- 
aptogenesis in hippocampal pyramidal neurons, in which it is 
also required for dendrite spine formation and for the elabora- 
tion of fully complex dendrite arbors. 22 In the present study, we 
asked whether Dactl is important for the elaboration of com- 
plex dendrite arbors in cortical interneurons of the postnatal 
mouse forebrain. 

To test this hypothesis, we genetically crossed a bacterial 
artificial chromosome (BAC) transgenic Lhx6GFP mouse line 
that labels GE-derived interneurons 23 into the constitutive null 
Dactl knockout mouse line, 14 thereby facilitating the specific 
identification of cortical interneurons in mice mutant for Dactl 
and in littermate control mice not mutant for Dactl. 20 Cortical 
neurons taken from neonatal Dactl~ l ~;Lhx6GFP {Dactl 
mutant) and Dactl*'* ;Lhx6GFP (littermate control) mice were 
cultured for 5, 10, and 15 d prior to microscopic analysis. 
Randomly selected Lhx6GFP expressing neurons from Dactl 
mutant mice appeared by inspection to have normal dendrite 
arborization at 5 d in vitro (DIV) but less complex dendrite 
arborization at 10 and 15 DIV, compared with those cultured 
simultaneously under identical conditions from littermate con- 
trol mice (Fig. 1A). Systematic quantification by Sholl analysis 
confirmed this observation: Lhx6GFP expressing interneurons 
from Dactl mutant mice had significantly fewer numbers of 
dendrite branch intersections at 10 and 15 DIV compared with 
those from control mice, whereas no significant differences 
were observed at 5 DIV (Fig. IB). 

Our results support a requirement for Dactl in the postna- 
tal arborization of dendrites in forebrain cortical interneurons, 
in addition to the prior reported role for this protein during 
synapse formation in these cells. Sholl analysis convincingly 
demonstrates that the differences in complexity between Dactl 
mutant and control interneuron dendrite arbors at 10 DIV and 
15 DIV are robust; nevertheless the conclusion that Dactl is 
directly involved in dendritogenesis remains provisional: We 
cannot exclude the possibility that the emergence of reduced 
dendrite complexity in mutant interneurons cultured beyond 
5 DIV occurs secondary to the requirement for this protein in 
synapse formation, either in the interneurons themselves, or in 
their co-cultured mutant excitatory synaptic partners. 22 This is 
an important consideration given our prior finding that this 
protein is important for excitatory synapse formation, 20,22 and 
given that synaptic activity can promote dendritogenesis. 24 " 27 
Further experimental work in which we avail ourselves of 



electrophysiology combined with more sophisticated genetic 
strategies (i.e., interneuron-specific 20 and/or temporally-con- 
trolled knockout and rescue) can help resolve this remaining 
issue. 

Methods 

Regulatory approval 

All methods complied with a protocol approved by the 
Institutional Animal Care and Use Committee at the University 
of California San Francisco. 

Animals 

The constitutive null Dactl allele was derived from Dactl""' 
B " rc as previously described. 14 The Lhx6-GFP BAC transgenic 
mouse line was provided by the Gene Expression Nervous 
System Atlas (GENSAT) Project (Rockefeller University, New 
York, NY). Mutant and control animals were littermate off- 
spring from a Dactl '* ;Lhx6-GYV u intercross. 

Primary neuronal cultures 

Cortical neuron cultures were prepared as described previ- 
ously 23 and plated at low density (6.25 x 10 4 cells per cm 2 ) so 
that all dendrites from each GFP + interneuron analyzed could 
be readily distinguished from neurites of any neighboring GFP* 
cells. 

Immunofluorescence staining (anti-GFP) 

Cultures at the indicated day in vitro were fixed, blocked, 
immunostained, and mounted for imaging as previously 
described. 20 The primary antibody was rabbit anti-GFP 
(Invitrogen) diluted 1:400 in blocking solution and incubated 
overnight at 4°C. The secondary antibody was Alexa-Fluor 
488-conjugated goat anti-rabbit (Invitrogen) diluted 1:400 in 
blocking solution and incubated for 2 h at room temperature. 

Image Analysis 

A Nikon Spectral Clsi confocal microscope was employed 
for all image acquisition. A 40 x oil objective was used for cul- 
tures at 5 and 10 DIV; a 20 x objective for cultures at 15 DIV. 23 
A z stack consecutive image series was assembled for each GFP* 
target interneuron to ensure that processes were fully visualized 
in 3 dimensions. The Sholl Analysis plugin (Anirvan Ghosh, 
University of California, San Diego, La Jolla, CA) for the NIH 
ImageJ software suite was used for dendrite arbor complexity 
analysis. 

Sample Size 

Results represent data from at least 2 independent experi- 
ments, each experiment involving at least 2 mice per genotype 
with 15-20 interneurons analyzed per animal. 

Disclosure of Potential Conflicts of Interest 

No potential conflicts of interest were disclosed. 

Acknowledgments 

We would like to thank all members of the Cheyette laboratory 
for assistance and feedback. Confocal microscopy was performed 
at the Nikon Imaging Center (California Institute for Quantitative 
Biosciences, University of California San Francisco, San Francisco, 
CA) with advice from Kurt Thorn and Alice Thwin. 



www.landesbioscience.com 



Communicative & Integrative Biology 



e26656-3 



Funding 

Arguello A was supported by US National Institutes of 
Health (NIH) Initiative to Maximize Student Diversity 
(IMSD) Grant R25GM56847. This research in the laboratory 



of Cheyette BNR was also supported by R21MH085995 from 
the NIH, the Simons Foundation Autism Research Initiative, 
the UCSF Department of Psychiatry, and the UCSF Center for 
Neurobiology and Psychiatry. 

20. Arguello A, Yang X, Vogt D, Stanco A, Rubensrein 
JL, Cheyetre BN. Dapper antagonist of catenin-1 
cooperates with Dishevelled- 1 during postsynap- 
tic development in mouse forebrain GABAergic 
interneurons. PLoS One 2013; 8:e67679; 
PMID:23826333; http://dx.doi.org/10.1371/jour- 
nal.pone.0067679 

21. Faux C, Rakic S, Andrews W, Yanagawa Y, Obata 
K, Parnavelas JG. Differential gene expression in 
migrating cortical interneurons during mouse fore- 
brain development. J Comp Neurol 2010; 518:1232- 
48; PMID:20151419 

22. Okerlund ND, Kivimae S, Tong CK, Peng IF, Ullian 
EM, Cheyette BN. Dactl is a postsynaptic protein 
required for dendrite, spine, and excitatory synapse 
development in the mouse forebrain. J Neurosci 
2010; 30:4362-8; PMID:20335472; http://dx.doi. 
org/10.1523/JNEUROSCI. 0354-10. 2010 

23. Cobos I, Borello U, Rubenstein JL. Dlx transcrip- 
tion factors promote migration through repression 
of axon and dendrite growth. Neuron 2007; 54:873- 
88; PMID:17582329; http://dx.doi.Org/10.1016/j. 
neuron.2007.05.024 

24. Gaudilliere B, Konishi Y, de la Iglesia N, Yao Gl, 
Bonni A. A CaMKII-NeuroD signaling path- 
way specifies dendritic morphogenesis. Neuron 
2004; 41:229-41; PMID:l474ll04; http://dx.doi. 
org/10.1016/S0896-6273(03)0084l-9 

25. Khudayberdiev S, Fiore R, Schratt G. MicroRNA as 
modulators of neuronal responses. Commun Integr 
Biol 2009; 2:411-3; PMID:19907703; http:// 
dx.doi.org/10.4161/cib. 2.5. 8834 

26. Ishikawa Y, Katoh H, Negishi M. Small GTPase 
Rndl is involved in neuronal activity-dependent 
dendritic development in hippocampal neurons. 
Neurosci Lett 2006; 400:218-23; PMID:16530331; 
http://dx.doi.Org/10.1016/j.neulet.2006.02.064 

27. Fiore R, Khudayberdiev S, Christensen M, Siegel 
G, Flavell SW, Kim TK, Greenberg ME, Schratt G. 
Mef2-mediated transcriprion of the miR379-4l0 
cluster regulates activity-dependent dendritogenesis 
by fine-tuning Pumilio2 prorein levels. EMBO J 
2009; 28:697-710; PMID:19197241; http://dx.doi. 
org/10.1038/emboj.2009.10 



References 

1. Markram H, Toledo-Rodriguez M, Wang Y, Gupta 
A, Silberberg G, Wu C. Interneurons of the neo- 
cortical inhibitory system. Nat Rev Neurosci 
2004; 5:793-807; PMID:15378039; http://dx.doi. 
org/10.1038/nrnl519 

2. Rubenstein JL. Annual Research Review: 
Development of the cerebral cortex: implications 
for neurodevelopmenral disorders. J Child Psychol 
Psychiatry 2011; 52:339-55; PMID:20735793; 
http://dx.doi.Org/10.llll/j.l469-7610.2010.02307.x 

3. Nimchinsky EA, Sabatini BL, Svoboda K. Structure 
and function of dendritic spines. Annu Rev Physiol 
2002; 64:313-53; PMID:11826272; http://dx.doi. 
org/10.1 l46/annurev.physiol.64. 081501. 160008 

4. Bourne JN, Harris KM. Balancing structure and 
function at hippocampal dendritic spines. Annu 
Rev Neurosci 2008; 31:47-67; PMID:18284372; 
http://dx.doi.org/10.1146/annurev. 
neuro.31.060407.125646 

5. Sala C, Cambianica I, Rossi F. Molecular mecha- 
nisms of dendritic spine development and main- 
tenance. Acta Neurobiol Exp (Wars) 2008; 
68:289-304; PMID:18511962 

6. Okerlund ND, Cheyette BN. Synaptic Wnt signal- 
ing-a contributor to major psychiatric disorders? J 
NeurodevDisord2011; 3:162-74; PMID:21533542; 
http://dx.doi.org/10.1007/sll689-011-9083-6 

7. Mulligan KA, Cheyette BN. Wnt signaling in 
vertebrate neural development and function. 
J Neuroimmune Pharmacol 2012; 7:774-87; 
PMID:23015196; http://dx.doi.org/10.1007/ 
sll481-012-9404-x 

8. Kesrler HA, Kiihl M. From individual Wnt path- 
ways towards a Wnt signalling network. Philos 
Trans R Soc Lond B Biol Sci 2008; 363:1333- 
47; PMID:18192173; hrtp://dx.doi.org/10.1098/ 
rstb. 2007.2251 

9. van Amerongen R, Nusse R. Towards an integrared 
view of Wnt signaling in development. Development 
2009; 136:3205-14; PMID:19736321; http:// 
dx.doi.org/10.1242/dev.033910 

10. Hall A. Rho GTPases and the control of cell 
behaviour. Biochem Soc Trans 2005; 33:891-5; 
PMID:16246005; http://dx.doi.org/10.1042/ 
BST20050891 



11. Schlessinger K, Hall A, Tolwinski N. Wnt signal- 
ing pathways meet Rho GTPases. Genes Dev 
2009; 23:265-77; PMID:19204114; http://dx.doi. 
org/10. 1101/gad.l760809 

12. Tada M, Kai M. Planar cell polarity in coordi- 
nated and directed movements. Curr Top Dev Biol 
2012; 101:77-110; PMID:23140626; http://dx.doi. 
org/10. 1016/B978-0-12-394592-1.00004-1 

13. Cheyette BNR, Waxman JS, Miller JR, Takemaru 
K, Sheldahl LC, Khlebtsova N, Fox EP, Earnest T, 
Moon RT. Dapper, a Dishevelled-associated antago- 
nist of beta-catenin and JNK signaling, is required 
for notochord formation. Dev Cell 2002; 2:449- 
61; PMID:11970895; http://dx.doi.org/10.1016/ 
S1534-5807(O2)00l40-5 

14. Suriben R, Kivimae S, Fisher DA, Moon RT, 
Cheyette BN. Posterior malformations in Dactl 
mutant mice arise through misregulated Vangl2 at 
the primitive streak. Nat Genet 2009; 41:977-85; 
PMID:19701191; http://dx.doi.org/10.1038/ng.435 

15. Gloy J, Hikasa H, Sokol SY. Frodo interacts with 
Dishevelled to transduce Wnt signals. Nat Cell Biol 
2002; 4:351-7; PMID:11941372 

16. Zhang L, Gao X, Wen J, Ning Y, Chen YG. Dapper 
1 anragonizes Wnt signaling by promoring dishev- 
elled degradation. J Biol Chem 2006; 281:8607-12; 
PMID:16446366; http://dx.doi.org/10.1074/jbc. 
M600274200 

17. Park JI, Ji H, Jun S, Gu D, Hikasa H, Li L, Sokol SY, 
McCrea PD. Frodo links Dishevelled to the pl20- 
catenin/Kaiso pathway: distinct catenin subfamilies 
promote Wnt signals. Dev Cell 2006; 11:683-95; 
PMID:17084360; http://dx.doi.Org/10.1016/j. 
devcel.2006. 09.022 

18. Fisher DA, Kivimae S, Hoshino J, Suriben R, Martin 
PM, Baxter N, Cheyette BN. Three Dact gene family 
members are expressed during embryonic develop- 
ment and in the adult brains of mice, [special issue] . 
Dev Dyn 2006; 235:2620-30; PMID:16881060; 
http://dx.doi.org/10.1002/dvdy.20917 

19. Antypa M, Faux C, Eichele G, Parnavelas JG, 
Andrews WD. Differential gene expression in migra- 
tory streams of cortical inrerneurons. Eur J Neurosci 
2011; 34:1584-94; PMID:22103416; http://dx.doi. 
org/10. 1111/j. 1460-9568. 2011.07896.x 



e26656-4 



Communicative & Integrative Biology 



Volume 6 Issue 6 



